Fluorescence of wheat β-amylase (WBA) was quenched by the interaction with maltose or glucose, which are competitive inhibitors of WBA, suggesting that the states of tryptophan and tyrosine residues could be 
INTRODUCTION
β-Amylases (α-1,4-glucan maltohydrolases; abbreviated as BA hereinafter) are exo-acting enzymes, with successive removal of β-anomeric maltose from the non-reducing ends of polysaccharides. BAs are found in higher plants and some microorganisms but there are variations between bacterial and plant β-amylases in binding and hydrolyzing raw starch (1) . This binding aptitude difference is credited to their starch-binding domain located at the C-terminus of their sequence (2) . The subsite affinities of wheat β-amylase (hereinafter designated as WBA) (3) and soybean β-amylase (SBA) (4) were described. Subsite 1 has the highest affinity to glucose residues of the substrates among the five subsites in WBA and this subsite has a vital role in its catalytic activity (3) . The crystal structures of maltose binding sites in SBA (5) and in Bacillus β-amylase (BacBA) (6) were also reported. Understanding the subsite structure of enzymes helps to predict the binding modes of substrates (7) , and a glutamate residue was identified as the possible catalytic residue of soybean and sweet potato β-amylases (8, 9) .
The inhibitory effects of glucose (7), maltose (7, 10) , and cyclohexa-amylose (11, 12) on BAs were studied. We have recently reported the inhibitory effects of maltose, glucose, and sugar derivatives on the catalytic activity of WBA (13) . Formerly, we have also described the activation and thermo-stabilization effects of additives (carbohydrates, amino acids, organic solvents, proteins, detergents, etc.) on WBA and indicated the possibility of altering the stability and activity by modification of the enzyme reaction system (14) .
Temperature has substantial effect on the molecular activity as well as conformation of enzymes. The inhibitor constant (Ki) values of inhibitors were affected by changes in temperature (15, 16) . pH alters the ionization of the functional groups and conformation of enzymes and hence might affect the substrate or inhibitor binding. The effects of temperature and pH on the Ki and thermodynamic parameters of glucose and maltose inhibitions were described previously in our inhibition study of WBA by maltose and glucose (13) .
The fluorescence change of enzymes could be a good probe for examining the binding of substrates or inhibitors (17) . The states of tryptophan and tyrosine residues of BacBA were affected up on binding glucose or maltose (5) (6) (7) . Gluconolactone and maltose were reported to quench the fluorescence of glucoamylase (18) .
A small change in the catalytic residue of subtilisin (Ser221 to Cys221) led to considerable decrease in its binding affinity to Streptomyces subtilisin inhibitor (19) . In the present study, we describe the WBA fluorescence quenching effects of glucose and maltose, the temperature and pH-dependences of the association constant (Ka) of the association of WBA with the inhibitors and thermodynamic parameters. This study provides valuable information on the interaction of the end-products of starch hydrolysis with WBA and its effect on the tryptophan and tyrosine residues of WBA. The changes in the states of tryptophan and tyrosine residues of WBA are associated with the change in its activity by the interaction with maltose or glucose.
MATERIALS AND METHODS
Materials -A commercial preparation of WBA, Himaltosin GS (Lot 2S24A), was purchased from HBI Enzymes (Osaka, Japan). WBA was purified from the Himaltosin preparation according to the method described previously (14) to homogeneity in polyacrylamide-gel electrophoresis (SDS-PAGE) with a molecular mass of 57.7 kDa. The stabilizer starch contained in the Himaltosin preparation was completely removed by filtration through Millipore membrane filter (Type HA; pore size: 0.45 µm) as confirmed by starch-iodine reaction (14) . The concentration of WBA was determined spectrophotometrically in 20 mM sodium acetate buffer, pH 5.4 (hereinafter designated as buffer A) at 25 o C using the absorptivity value (A) of 1.40 ± 0.02 at 281 nm with a 1.0-cm light-path for 1.0 mg/ml of WBA solution (14) . Maltose (Lot M1B6462), glucose (Lot M3G8543), and N-acetyl-L-tryptophan-ethyl ester (AWEE, Lot V6P4299) were purchased from Nacalai Tesque (Kyoto, Japan), N-acetyl-L-tyrosine-ethyl ester (AYEE, Lot 41666/1 42901) was from Fluka chemicals (Buchs SG, Switzerland) and other chemicals were from Wako Pure Chemical (Osaka, Japan). that the experimental data were fitted to linear plot using the least-squares regression method followin g previous report (18) . The Kd values at each temperature were estimated using Hanes-Woolf plots (18, 20) .
The standard enthalpy changes (∆H o ) of maltose and glucose binding to WBA were determined by the van't Hoff equation (Eq. 1).
The Gibbs energy change (∆G o ) and entropy change (∆S o ) were derived from Eqs. 2 and 3 (21, 22) .
where R is the universal gas constant and T is the absolute temperature.
pH-dependence of Kd -The WBA and inhibitors (0-1 M) solutions were prepared in various buffers at 25 o C, namely 20 mM sodium acetate at pH 5.4 (buffer A), 20 mM glycine-HCl at pH 3.0, and 20 mM borate buffer at pH 9.0. The procedure aforementioned was followed to obtain the Kd values at various pHs. can be written as:
RESULTS

Quenching
where Kd is the dissociation constant of the EI complex and [E]t, is the total enzyme concentration. By considering that ΔF is proportional to [EI] (18) , it can be rewritten in a linear form:
where ΔFmax is the maximum decrease in fluorescence observed when the enzyme is saturated by maltose or glucose. The validity of equation (5) Table 1 ).
The Ka values were 5.0 ± 1.1, 3.2 ± 0.8, and 2.7 ± 0.9 M -1 for maltose and 2.8 ± 0.9, 2.4 ± 0.9, and 2. Table 1 The thermodynamic parameters (∆G o and ∆S o ) of the binding of WBA with maltose or glucose were slightly affected by a change in temperature. The ∆G o and Ka values were found to decrease in magnitude with increasing temperature (Table 1 ). The ∆G o values were changed from -4.0 ± 0.8 to -2.5 ± 0.8 kJ mol -1 in the maltose binging and from -2.5 ± 0.9 to -1.9 ± 0.7 kJ mol -1 in the glucose binding to WBA by and glucose were determined from van't Hoff plot (Fig. 6) to be -24.3 ± 3.2 kJ mol -1 and -9.7 ± 2.5 kJ mol -l , respectively. SWISS-MODEL (31) using BBA template, PDB2XFR. However, crystallographic study may be required to confirm this fact and the experimental errors cannot be neglected because of handling small ∆F in this study.
The subsite affinities of WBA were determined (3) following the subsite theory (32) . Glucose binds to subsites 1 and 4, whereas maltose binds to subsites 1 and 2, and possibly to subsites 4 and 5 in SBA (9) . In
BacBA glucose binds to subsites 1 and 2 (7), and to subsites 1, 2 or 4 in barley BA (BBA) (33) . Temperature-dependence of Kd -The Kd values of the WBA-glucose and WBA-maltose dissociations were slightly affected by temperature as it influences the molecular activities of the solvent and reactants. It also affects the structure of the protein, which entails changes in enzyme-inhibitor binding or dissociation (20, 34) . The Kd values in this study and the Ki values from our previous kinetic study (13) are in good agreement. A slight increase in Kd values with temperature was observed ( Table 1) . Increasing Ki values with increasing temperature were also previously reported in various enzymes (21, 22, 34) . The condition of the solvent environment plays a decisive role in the fluorescence intensity of proteins. An increase in UV light absorption (A292 nm) of SBA with increasing concentration of maltose was ascribed to nonspecific solvent perturbation effect (25).
Temperature exerted slight influence on the thermodynamic parameters of maltose and glucose binding to WBA ( Table 1 ). The ∆G o value decreased by 1.5 kJ mol -1 in maltose and 0.6 kJ mol -1 in glucose with increasing temperature from 25 o C to 45 o C due to an increase in the entropy changes with increasing temperature. The negative ΔH o shows that the bindings of maltose or glucose to WBA are exothermic and the ΔG o indicates that the binding processes are spontaneous (Table 1 ). The crystallographic study of the binding of glucose and maltose to the active site of BacBA revealed that it is mainly by forming hydrogen-bonds (5).
Higher ∆G o values were obtained in maltose binding to WBA than that of glucose (Tables 1), which agrees with their structural compositions. One maltose molecule contains two glucose residues and binds to two subsites of WBA while one glucose molecule binds to only one subsite and hence there are more H-bonds in maltose than glucose in binding to WBA.
pH-dependence of Kd -The Kd and ∆G o values did not show considerable difference with change in pH.
There was redshift in λmax of WBA fluorescence from 338 nm at pH 5.4 to 343 nm at pH 9.0 and 344 nm at pH 3.0. This is because of an exposure of the fluorescing residues of the enzyme to the polar solvent environment. The isoelectric point (pI) of WBA is 5.8 (35) , which is similar to that of SBA, 5.6 (36) . This implies that at pH 3.0, WBA is positively charged and both glucose and maltose bind the active site in this state (13) . The inhibition type depends on the binding sites of inhibitors (37) . However, the Ka and thus ∆G o values were not dependent on pH change from pH 3.0 to 9.0.
In the enzymatic starch hydrolysis process, maltose and glucose are continuously produced.
Studying the molecular interaction of these end-products and WBA is valuable to identify the reaction The experiments were done in triplicates and the values are mean ± SD. 
